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1. Abstract 

It has been shown that carbonated (CO2-enriched) water injection (CWI) has the potential to 

improve oil recovery in oil reservoirs. Introduced oil recovery mechanisms were oil swelling 

and oil viscosity reduction. However, most early studies have neglected to consider two 

important factors: (i) using ‘’live’’ reservoir oil (oil with dissolved gases) rather than refined 

oil or dead oil, (ii) establishing the native wettability state of the oil reservoirs which is 

generally mixed-wet to oil-wet. Previously, we reported the fluid-fluid and rock-fluid 

interactions that took place during CWI under realistic reservoir conditions using ‘’live’’ oil 

and aged rock. The results indicated CO2 partitioning at the interface of carbonated water 

(CW) and live oil leads to nucleation of a new gaseous phase inside the oil that boosts the 

performance of CWI significantly which represents being a game-changer for this EOR 

technique. Furthermore, based on our reported wettability studies, low pH of CW can change 

the wettability state of the brine-oil-rock system and thereby improve the oil recovery. In this 

study, through a series of carefully designed coreflood and micromodel experiments, the aim 

has been to comprehensively investigate (i) the complex fluid-fluid interactions which happen 

at pore scale during CWI in both ‘’live’’ and dead oil systems and (ii) the effects of formation 

of the new phase and wettability alteration on oil recovery by CWI at core scale. For the 

coreflood experiments two systems were considered, a mixed-wet system and a water-wet 

system, and for each system a secondary waterflood and a secondary CWI were conducted at 

pressure and temperature of 2500 psia and 100 °F. Synthetic live reservoir crude oil was used.  

The results of pore scale observations revealed the rapid formation and growth of the new 

phase as CW comes in contact with ‘’live’’ oil. However, this phenomenon was not observed 

for the dead oil system. Furthermore, the results of coreflood tests for both water-wet and 

mixed-wet systems revealed the good potential of CWI compared to waterflood. However, 

secondary CWI in the mixed-wet system resulted in higher and earlier additional oil recovery 

than shown in the water-wet system. For the water-wet system, secondary CWI led to 6.2% 

ultimate additional oil recovery. This incremental oil recovery took place after the 



2 
 

breakthrough with the main recovery mechanism being nucleation and growth of the new 

phase. However, for the mixed-wet system, secondary CWI led to 4.6% additional oil 

recovery at time of breakthrough and 11% ultimate additional oil recovery. The main 

recovery mechanisms were wettability alteration and formation and growth of the new phase. 

Based on the results, the formation and growth of the new phase play a more dominant role on 

additional oil recovery by CWI.  

Keywords: CWI; New phase; Live oil; Wettability; Mixed-wet; Water-wet. 

2. Introduction 

Significant interest exists in improving recovery from oil reservoirs while addressing concerns 

about increasing CO2 concentrations in the atmosphere. The combination of Enhanced Oil 

Recovery (EOR) and safe geologic storage of CO2 in oil reservoirs is appealing and can be 

achieved by carbonated water injection (CWI). Carbonated water injection is a CO2-

augmented waterflood (WF) process, in which relatively small quantities of CO2 are used 

efficiently without the need for a vast source of CO2. Compared to hydrocarbon gases the 

solubility of carbon dioxide in brine at typical reservoir pressure and temperature is higher. 

Figure 1 depicts the measured solubility of CO2 and CH4 in the brine used in this study at 

different pressures and a constant temperature of 100 °F, with total salinity measuring 54540 

ppm. As can be seen from Figure 1, the solubility of CO2 in the brine is much higher than the 

solubility of CH4. This higher solubility of CO2 in brine makes the brine a suitable carrier 

fluid for CO2 in oil reservoirs for both EOR and additionally safe CO2 storage. 

 

Figure 1: Solubility of CH4 and CO2 in brine with the salinity of 54540 ppm at temperature of 100 °F 
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Initially, potential of CWI for enhancing oil recovery was studied by Martin [1] through a 

series of coreflood experiments. He reported 12% additional oil recovery during CWI. He 

conducted a further study [2], through performing several coreflood experiments, he showed 

that CWI reduced the initial oil saturation from 30% OOIP (original oil in place) to 8 %OOIP. 

Johnson et al. [3] also studied the potential of CWI for enhancing oil recovery through 

conducting coreflood experiments. Substantial oil recovery was obtained when CW was 

injected. Further coreflood experiments were carried out by Holm[4]. His results showed that 

the injection of CW can modify the permeability of dolomite core. Oil recovery mechanisms 

of CWI at pore scale were first studied by Sohrabi et al. [5-9] through performing a series of 

high-pressure high-temperature direct flow visualization (micromodel) experiments with n-

Decane and mineral oil used in these studies. The experiments were performed at pressure and 

temperature of 2000 psia and 100 °F. Their results revealed the good potential of CWI for 

both secondary and tertiary injection scenarios, with the performance of secondary CWI better 

than tertiary. They concluded that the main oil recovery mechanisms were: (i) oil swelling 

that causes coalescence of trapped oil ganglia, leading to local flow diversion to unswept 

areas of the porous medium, and (ii) oil viscosity reduction due to CO2 partitioning between 

the CW and oil. The first mechanism was more pronounced in the case of light oils with the 

second mechanism more dominant for the case of medium to heavy oils. Further high-

pressure high-temperature micromodel experiments were performed by Riazi et al. [10, 11] 

using n-Decane in their studies. Their results were consistent with the results of Sohrabi et al. 

[5-9]. They studied potential benefits of a subsequent depressurization period on oil recovery 

after the CWI. Sohrabi et al. [8, 12, 13]  also studied the performance of CWI at core scale 

through performing several coreflood experiments at high-pressure (2500 psia) and high-

temperature (100 °F) using dead crude oil (without dissolved gas) or light oil (n-Decane). 

This time, their results showed good potential for CWI either as a secondary or tertiary 

injection method. As with their high-pressure micromodel results, their coreflood experiments 

confirmed the better performance of secondary CWI compared to the tertiary CWI.  

Yang et al. [14] studied the performance of both secondary and tertiary CWI by performing a 

series of coreflood experiments in sand packs which were not aged and using dead crude oil. 

The experiments were conducted at 600 psig and 104 °F. Further experiments in sand packs 

were conducted by Torabi and Mosavat [15]. They studied the performance of both secondary 

and tertiary CWI. Dead crude oil was used in this study, and the sand packs were not aged. 

Their results showed increased performance of secondary CWI compared to tertiary CWI. 
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They demonstrated that an increase in injection pressure or decrease in test temperature led to 

better performance of CWI, which was attributed to the higher concentration of CO2 in CW at 

higher pressures or lower temperatures. Their results showed that around 40.7% to 61.1% of 

the total injected CO2 was stored during CWI. Kechut et al. [16, 17] conducted a series of 

high-pressure flow visualization (micromodel) and core flood experiments, as well as 

compositional simulation, studying the performance of both secondary and tertiary CWI. 

Their results showed good delivery of CO2 from CW front to the oil front. The coreflood 

experiments used n-Decane and crude oil and were using un-aged cores. They showed that 

CWI had high potential as a CO2 storage injection strategy with around 50% of the total 

volume of injected CO2 being stored by the end of their test. Shakiba et al.[18] conducted a 

series of coreflood experiments to study the performance of both secondary and tertiary CWI, 

which also used dead crude oil with an un-aged core. Their results showed good performance 

of both secondary and tertiary CWI; however, the performance of secondary CWI was better. 

Guanli et al. [19] studied the potential of CW on improving the CO2 EOR performance in 

water-wet Berea using a light crude oil as the oil phase. They observed that injecting one pore 

volume CW before CO2 flooding can alleviate the negative effect of water shielding and 

thereby led to a better recovery during CO2 injection in water-wet oil reservoirs. Zuo et al. 

[20, 21] studied gas exsolution from CW using micromodel investigations. Mineral oil was 

used as the oil phase in this study which showed a pressure drop that led to CO2 exsolution 

from CW, leading to water flow blockage and local flow diversion into oil-filled pores and 

therefore better oil recovery. A 10% incremental oil recovery was achieved by lowering the 

pressure 2 Mpa below the CO2 liberation pressure. Seyyedi et al. [22] studied the potential of 

CW for enhancing the rate of water imbibition in both sandstone and carbonate rocks through 

a series of high-pressure imbibition experiments. Experiments were performed at a pressure of 

2500 psia with crude oil used. Their results revealed high potential for carbonated water to 

enhance water imbibition rate and oil recovery. 

In all above studies, they neglected to consider two important points: 

(i) The use of ‘’live’’ oil (with dissolved gas) rather than dead or refined oil. Oil reservoirs 

usually have a significant amount of dissolved gases. Currently, Sohrabi et al. [23] through 

performing a series of high-pressure high-temperature micromodel as well as coreflood 

experiments, discussed in detail, the importance of dissolved gas in oil on the performance of 

CWI. They revealed that when CW comes into contact with live oil, a new gaseous phase 

nucleates inside the oil at the interface of oil and CW, due to CO2 partitioning between the oil 
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and CW. Based on their results, the new gaseous phase nucleated inside the live oil early on 

during CWI with saturation increasing over time. They showed that nucleation and growth of 

the new gaseous phase led to much stronger oil swelling which in turn leads to: (a) oil 

displacement and reconnection of trapped oil and, (b) restriction of water flow path and its 

diversion towards un-swept parts of the porous medium which results in additional oil 

recovery. Their results introduced a new important oil recovery mechanism by CWI. 

Furthermore, Seyyedi et al. [24] through a series of high-pressure and high-temperature fluid 

characterization tests thoroughly studied the characteristics of the new gaseous phase formed 

during CWI in live oil system. Based on their results, the new phase is a multi-component 

mixture of hydrocarbons starting with CH4 and CO2 at early stages and becoming richer 

towards the latter contacts. 

(ii)    Establishing the native wettability state of the reservoir. Initial wettability state of oil 

reservoirs controls the performance of waterflooding. Most oil reservoirs, in particular 

carbonate reservoirs, are mixed-wet to oil-wet, therefore, to study the performance of CWI at 

real reservoir conditions, the cores must be aged with the reservoir crude oil, to as closely 

mimic the initial wettability state of the reservoir as possible. However, as mentioned earlier, 

in most of the above studies the cores were un-aged. In our previous study [25], through a 

series of high-pressure and high-temperature contact angle measurements on three different 

types of minerals, namely, quartz, mica, and calcite, at two different wettability states, it was 

shown that CW has the strong potential to change the wettability state of the oil-wet system 

toward more water-wet conditions. The results showed that the extent of wettability alteration 

is a direct function of the CO2 concentration in brine or in other words, the saturation pressure 

of CO2-enriched brine, and also the initial wettability stage of the rock. The wettability 

alteration by CW can favourably affect its performance. None of the above studies discuss the 

importance of this recovery mechanism by CWI.  

The main objective of this study is twofold: (1) investigate the fluid-fluid interactions that 

take place at pore scale during CWI in live and dead oil systems, and more importantly (2) 

comprehensively investigate the effects of new oil recovery mechanisms of CWI, i.e. 

formation and growth of the new gaseous phase and wettability alteration, at core scale and to 

find the degree of importance of each of them. The above objectives are being pursued 

through performing a series of carefully designed micromodel and coreflood experiments 

performed at pressure and temperature of 2500 psia and 100 °F. To study the potential of 

CWI, at core scale, on wettability alteration of the oil-brine-rock system, two separate systems 
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were considered, water-wet system and mixed-wet system. ‘’Live’’ crude oil was used in all 

the coreflood experiments to study the effect of the new phase formation on oil recovery by 

CWI at core scale. For each system, a secondary waterflood and a secondary CWI were 

conducted, and their results were compared with each other. Additionally, to study the 

potential of CWI as a CO2 storage strategy in oil reservoirs, the CO2 storage capacity was 

determined. 

3. Experimental Setup and Procedure 

3.1. Core Flood Rig 

The coreflood rig used for the experiment has been designed to conduct flooding experiments 

at high-pressure and high-temperature. In order to minimize the gravity effect, the core holder 

was placed horizontally. The experimental apparatus is shown in Figure 2 and consists of the 

following components: a Hassler-type core holder, two pumps, injection cells, two pressure 

transducers, back pressure regulator, a separator, CO2 analyser, and a gasometer. The core 

holder, injection cells, and back pressure regulator are placed inside the oven and are 

maintained at constant temperature (100 °F). While running an experiment, the core effluent 

would pass through a backpressure regulator where the pressure would drop to atmospheric 

pressure and hence, any dissolved gas will be liberated and measured. The separated liquid 

would then be collected in a graduated cylinder while the gas will pass through a gasometer.  

 

Figure 2: Schematic of the rig 
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3.2. Fluids Properties  

Crude oil ‘’J’’ was used in this study. The API and density of this crude oil in dead conditions 

and temperature of 100 °F are respectively 20.87° and 0.9247 gr/cm
3
. The other properties of 

the crude oil are shown in Table 1. To prepare the synthetic live oil used in the experiments, 

crude J was mixed with CH4 at test pressure and temperature of 2500 psia and 100 °F. The 

viscosity of synthetic live crude J at experimental conditions is around 14 cp.  

Table 1: Crude J properties 

crude ID API saturates 

(wt. %) 

aromatics 

(wt. %) 

resins 

(wt. %) 

asphaltenes 

(wt. %) 

Crude J 20.87 30.00 40.10 24.20 5.70 

 

 

 

To prepare the CW, CO2 was mixed with the high salinity sea brine at test pressure and 

temperature (2500 psi and 100 °F). The CO2 content of CW at experimental conditions was 

26 scc CO2/scc brine. The sea brine has the salinity of 54540 ppm and viscosity of 0.789 cp at 

test conditions. The brine composition is shown in Table 2.  

Table 2: Sea brine Components 

ion ppm 

Na 16844 

Ca 664 

Mg 2279 

SO4
-2

 3560 

Cl 31107 

HCO3
-1

 193 

3.3. Core Properties 

In order to achieve the same properties of all cores, four homogenous Berea sandstone cores 

were drilled from an outcrop. The dimensions and other physical properties of these cores are 

given in Table 3. To have a more complete understanding of the mineralogy of the Berea 

sandstone used, ESEM analysis was performed on a slice of the rock. Figure 3 shows the EDS 

map of a slice of Berea. As can be seen from this figure, the rock is mainly made of silica 

oxide (Quartz). It also has feldspar, clay, mica and some Fe and Ti rich minerals. 

Table 3: Dimensions and properties of the cores used in this study 

experiments length 

(cm) 

diameter 

(cm) 

porosity% permeability 

(mD) 

pore 

volume 

(cc) 

1  14.8 3.8 23.7 142 39.58 

2 14.8 3.8 23.1 158 38.778 

3 14.5 3.8 27.8 160 38.824 
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4 15 3.8 27.8 132 37.365 

 

 

Figure 3: EDS map of Berea sandstone rock 

3.4. Methodology  

For each core, first, the pore volume (porosity) and permeability were measured. Next, initial 

water saturation (Swi) was established through a drainage process of the brine-saturated core 

with injecting several heavy mineral oils and finally crude oil (i.e., displacement of brine with 

oil). The composition of the brine used for establishing Swi is shown in Table 2. After 

establishing initial water saturation, two cores were aged in dead crude oil for a period of 

three weeks at a temperature of 194 °F. This altered their wettability towards a mixed-wet to 

oil-wet system. The two remaining cores were not aged, leaving them as water-wet systems. 

Synthetic live oil was then injected into the cores to displace the dead oil. Once the live oil 

had completely displaced the dead oil, the cores were ready for the experiments.  

For the case of water-wet system (un-aged cores), one core was flooded by secondary 

conventional waterflooding (WF) and the other by secondary CWI. The same procedure was 

followed for the mixed-wet system (aged cores). All experiments were performed at pressure 

and temperature of 2500 psi and 100 °F with an injection rate of 5 cm
3
/hr. It should be noted 

that since the oil was saturated with CH4 in order to minimize any possible CH4 mass transfer 

between the brine and oil during WF period, the water was pre-equilibrated with CH4 before 

the waterflood test. The GOR of CH4-saturated brine was measured 3 scc CH4/scc brine at 

laboratory conditions.  
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4. Results and Discussion 

4.1. Pore Scale Observations 

Two series of high-pressure high-temperature micromodel experiments were performed to 

study the complex fluid-fluid interactions taking place during CWI for two different systems; 

dead oil and ‘’live’’ oil. The experiments have been performed at pressure and temperature of 

2500 psia and 100 °F. Details of experimental procedure and methodology can be found in 

our previous paper [23]. Figure 4 shows a magnified section of the model at different stages 

during secondary CWI in the dead oil system. Based on these observations, CO2 exchange 

from CW into the dead oil led to normal oil swelling that led to oil reconnection, 

redistribution, and further oil production. Figure 5, shows same section of the model at 

different stages during secondary CWI in the ‘’live’’ oil (CH4-saturated crude J) system. As 

can be seen, contrary to dead oil system, CO2 partitioning between CW and live oil triggers 

the rapid formation of a new gaseous phase inside the oil. This reveals the crucial role of the 

associated gas in the oil on the performance of CWI. As the injection of CW continues and 

more CO2 transfers into the oil, the new phase grows in volume and its saturation increases. 

Based on the results, formation of the new phase boosts the performance of CWI through: (i) 

much stronger overall oil swelling that leads to reconnection of the trapped oil and oil 

displacement, (ii) creating a favourable three phase flow region with less residual oil 

saturation, and (iii) restricting the flow path of CW and diverting CW toward unswept areas 

of the porous medium. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: A magnified section of the micromodel at different stages during secondary CWI in dead oil 

system. A) After 4 hrs of CWI and B) after 24 hrs of CWI.  
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Figure 5: A magnified section of the micromodel at different stages during secondary CWI in ‘’live’’ 

oil system. A) After 20 min of CWI and B) after 24 hrs of CWI. CO2 transfer from CW into the live 

oil triggers the formation and continues growth of the new phase that hugely boosts CWI performance. 

 

4.2. Coreflooding Studies 

To assess the impact of nucleation and growth of the new gaseous phase and wettability 

alteration on oil recovery by CWI at core scale, four core flood experiments were performed. 

Two systems were considered, water-wet system (un-aged system) and mixed-wet system 

(aged system). First, the results of un-aged rocks are discussed followed by aged results. 

4.2.1. Un-Aged Berea System 

In the first set of coreflood experiments, the performance of CWI against conventional 

waterflooding was compared in un-aged (water-wet) Berea cores. Figure 6 shows the oil 

recovery (RF) versus pore volume of injection (PVI) for both conventional waterflooding and 

secondary CWI in this system. 
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Figure 6: Recovery during conventional waterflooding and secondary CWI in un-aged Berea cores 

 

As can be seen from Figure 6, the oil recovery by secondary CWI is 6.2% OOIP higher than 

the recovery obtained from conventional waterflooding. Based on this figure, the 

breakthrough (BT) for both CWI and WF in the un-aged Berea took place at the same time 

with the additional recovery by CWI was obtained after BT. Since the rocks were not aged, it 

is expected their wettability states to be water-wet. This can be confirmed by the recovery 

curve trend, of conventional waterflooding (Figure 6). For conventional waterflooding, the 

main recovery happened before the BT with small amounts of oil produced after BT. This 

behaviour represents water-wet conditions. Based on our previously reported wettability 

studies [25], CW has a small effect on wettability state  of a water-wet system. Therefore, 

additional oil recovery due to wettability alteration by CW can be neglected for the water-wet 

system. 

In early studies [1-19], in which refined oil or dead oil had been used, the observed additional 

oil recovery by CWI was attributed to oil swelling and oil viscosity reduction due to CO2 

transferring from CW into the oil. However, under more realistic reservoir conditions, where 

oil has a significant amount of dissolved gas, these two mechanisms are no longer the most 

dominant recovery mechanisms by CWI. Results of the performed high-pressure high-
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temperature micromodel experiments, with the same crude oil (Crude J), under same 

experimental conditions, revealed that fluid/fluid interaction happening at the interface of 

‘’live’’ oil and CW triggers the formation and growth of the new gaseous phase that boosts 

the performance of CWI significantly and represents being a game-changer for this EOR 

technique (Figure 5).  Formation and growth of the new phase leads to much stronger oil 

swelling. Based on our pore scale observations, the total increase in the volume of live crude 

oil J was around 35% with greater than 60% of that due to the formation of the new phase. 

Furthermore, oil recovery due to viscosity reduction is more dominant for medium to heavy 

oils. However, the live oil used in this study has the viscosity of around 14 cp. At this 

viscosity range, slight viscosity reduction by CO2 dissolution from CW into the oil can be 

neglected. It should also be noted that the potential of this mechanism (oil viscosity reduction) 

depends on the amount of transferred CO2 which is reliant on the CO2 supply or in other 

words, the CO2 content of CW. As the CO2 content of CW is relatively low, this mechanism 

is generally slow, and oil recovery through this mechanism will be observed after an extended 

period of CWI. Therefore, the predominant recovery mechanism here was formation and 

growth of the new gaseous phase which led to 6.2% additional oil recovery.  

The differential pressure (dP) across the core confirms the formation and growth of the new 

gaseous phase. Figure 7 presents the differential pressure across the core during both 

coreflood experiments. The dP trend during waterflood confirms our assumption regarding 

the wettability state of the cores. As can be seen, although there was oil production, dP across 

the core during waterflooding did not drop until around one pore volume. This behaviour 

represents the water-wet conditions in which water, the wetting phase, would travel through 

smaller pores which lead to higher dP. Based on Figure 7, up to the time of BT, both 

differential pressure curves are virtually identical, however, after BT, the dP of the CWI test 

started to increase. In contrast, the dP of waterflooding test decreased after one pore volume. 

The observed increase in dP during CWI is an indication of formation and growth of the new 

gaseous phase inside the live oil when it comes in contact with CW. As it was shown in pore 

scale observations (Figure 5), the new phase is forming inside the oil next to the carbonated 

water path, where CW contacts the live oil. Thereby, even small amounts of the new phase 

can cause a reduction in relative permeability of water and thereby increase in dP across the 

core. Although the formation of the new phase led to small injectivity loss, it helped to 

increase the oil recovery by diverting the water to unswept areas of porous medium and 

redistributing and reconnecting the isolated oil ganglia. Figure 8 shows the dP across the core 
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during the first pore volume of injection. Based on Figure 8, both water and CW have near 

identical entry pressure for the case of the water-wet system. 

 

Figure 7: Differential pressure across the core during both conventional waterflooding and secondary 

CWI in un-aged Berea rocks 

 
Figure 8: Differential pressure across the core during both conventional waterflooding and secondary 

CWI in un-aged Berea rocks 
Table 4 summarized the important resulting parameters from the coreflood experiments 

performed in un-aged system. 

Table 4: Important resulting parameters from performed coreflood experiments in un-aged system 

experiment OOIP 
BT 

PV 

RF at 1 PV 

%OOIP 

Ultimate RF 

%OOIP 

Residual oil 

saturation% 

WF 30.15 0.44 58 61.45 29.35 

CWI 29.65 0.44 61 67.64 24.74 
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Figure 9A compares water cut during secondary CWI with its secondary water injection 

counterpart. As depicted in this figure, the water cut during CWI is less than that during 

waterflooding. This shows better conformance control of CWI compared to the conventional 

waterflood. Figure 9B shows a blown up version of the data presented in Figure 9A which 

highlights the differences between water cuts during CWI and WF after the water BT. This 

figure clearly shows better conformance control for the case of CWI. 

  

Figure 9: Comparison of water cut during secondary CWI with its secondary waterflooding (WF) 

counterpart in water-wet (WW) systems 

4.2.2. Aged Berea System 

In the second series of coreflood experiments, the performance of secondary CWI is 

compared to the performance of conventional waterflooding in aged Berea cores. The cores 

were aged for a period of three weeks at high temperature to alter their wettability state 

toward mixed-wet to oil-wet conditions. Figure 10 presents the recovery during both 

conventional waterflooding and secondary CWI in the aged Berea cores. The long tail of oil 

production during conventional waterflood reveals the aging process was effective, and the 

system is in mixed-wet to oil-wet conditions. As depicted in this figure, CWI had a better 

performance compared to conventional waterflooding and led to 11.4% additional oil 

recovery. Figure 11 shows recovery around BT, during both coreflood experiments in aged 

Berea system. As can be seen, the BT time in the instance of CWI in oil-wet Berea is higher 

than the one during conventional waterflood. In the case of waterflooding, BT happened at 

0.45 PVI; however, BT during secondary CWI took place at 0.5 PVI. The oil recovery at BT 

time of CWI is also 4.6% higher than the oil recovery obtained at BT time of conventional 

waterflood. Comparing this figure with Figure 6 reveals that for the oil-wet system the 

additional oil recovery by CWI took place sooner than in the water-wet system where the 

additional oil recovery took place gradually after the BT. As shown in our previous study 
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[25], CW can change the wettability state of mixed-wet quartz toward more water-wet 

conditions. Wettability alteration by CW can affect the pore displacement mechanism and 

fluid distribution inside the porous medium. Therefore, for the mixed-wet system (aged 

Berea) both wettability alteration; nucleation and growth of the new phase are the dominant 

recovery mechanisms by CWI. This explains why the improvement in oil recovery by CWI is 

higher in the mixed-wet system (aged Berea) i.e. by 11.4%, as opposed to only 6.2% in the 

water-wet system (un-aged Berea). Comparing the results of the water-wet and mixed-wet 

system reveals that between the wettability alteration and the nucleation of new phase in CWI 

the predominant recovery mechanism is nucleation and growth of the new phase inside the 

oil. These observations are crucial for the application of CWI since most oil reservoirs have 

mixed-wet to oil-wet wettability state, and reservoir oils normally have a significant amount 

of dissolved gases. 

 

Figure 10: Recovery during both conventional waterflooding and secondary CWI in aged Berea 

(mixed-wet) cores 
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Figure 11: Recovery during both conventional waterflooding and secondary CWI in aged Berea 

(mixed-wet) cores 

Figure 12 shows the differential pressure across the core during both experiments in the aged 

(mixed-wet) system. Figure 13 shows the dP behaviour during first pore volume of injection.  

Based on Figures 12 and 13, shortly after water flows into the rock we had oil production, the 

dP started to decrease and after around one pore volume of brine injection, dP became stable. 

This is typical behaviour shown for dP during waterflooding in mixed-wet to oil-wet systems 

where water is displacing a heavier fluid. For the case of CWI, compared to waterflooding, 

less entry pressure was observed. As previously reported [25], for the case of oil-wet quartz, 

low pH of CW can alter the wettability of the system toward more water-wet conditions. This 

wettability alteration would directly affect the dP and oil displacement during CWI. As 

depicted in Figure 13, shortly after CW touched the core, the dP started to increase to 2.5 psia. 

Although we had oil production, the dP during CWI was almost stable up to the time of BT, 

then gradually increased. This trend of dP is attributed to both wettability alteration and 

formation of the new gaseous phase inside the oil during CWI. 
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Figure 12: Differential pressure across the cores during both conventional waterflooding and 

secondary CWI in aged Berea (mixed-wet) rocks 

 

Figure 13: Differential pressure across the cores during both conventional waterflooding and 

secondary CWI in aged Berea (mixed-wet) rocks 

 

Table 5 summarized the important resulting parameters from the coreflood experiments 

performed in aged system. 

Table 5: Important resulting parameters from performed coreflood experiments in aged system 
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Figure 14A compares water cut during both waterflooding and secondary CWI in the aged 

system. As can be seen from this figure, water cut during CWI is less than the one during 

waterflood. Figure 14B presents a blown up version of the data shown in Figure 14A which 

highlights the BT time of brine and the better conformance control during CWI compared to 

the waterflood. 

  

Figure 14: Comparison of water cut during secondary CWI with its secondary waterflooding (WF) 

counterpart in aged (OW) systems 

 

4.2.3. CO2 Storage 

To assess the CO2 delivery potential of CWI as well as the potential for CO2 storage in oil 

reservoirs, the gas rate and CO2 rate in the water-wet system were measured. Figure 15 

depicts the gas rate during both secondary WF and CWI. As this shows, up to the time of BT, 

the gas rates for both experiments were identical and equal to the original GOR of the live oil 

which was 50 scc CH4/scc oil. This figure confirms similar BT times for both experiments as 

seen by a sharp drop in gas rate, for the same pore volume injected in both experiments. The 

sharp drop in gas rate indicates the BT of the displacing fluids. For the case of WF, since 

there was small oil production and high value of water cut after the BT time, the gas rate after 

the BT decreases with time then finally converges to the initial GOR of CH4-saturated brine 

which was 3 scc CH4/ scc brine. However, for the case of CWI since we had oil production 

after the BT and also since the GOR of CW is much higher than the GOR of CH4-saturated 

brine, the gas rate after BT of CW is higher than the one for WF. As time passes and more 

CW was injected into the core, the gas rate after the BT of CW increases and finally after a 

long injection time, when residual oil inside the core becomes fully saturated with CO2, it will 

converge to the original GOR of CW (26 scc CO2/scc brine). 
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Figure 15: Gas rate during secondary CWI and its secondary waterflooding counterpart in water-wet 

(WW) systems 

During CWI, when CW comes into contact with the oil in a porous medium, due to the higher 

solubility of CO2 in oil rather than brine, CO2 will transfer from CW into the oil. Therefore, it 

is possible that the production of oil bank ahead of the CW front leads to earlier BT of CO2 

compared to the brine. In order to study whether CO2 BT happened earlier than brine BT or 

not, the gas rate and CO2 rate during CWI are shown in Figure 16A. The BT of CW happened 

at around 0.45 pore volume of injection (PVI). Figure 16B shows a blown up version of the 

data presented in Figure 16A which highlights the BT time of CO2. As depicted in this figure, 

the CO2 BT happened around 0.41 PVI which is slightly earlier than the water BT time (0.45 

PVI); however, the rate of CO2 production up to one pore volume of injection is negligible. 

This is due to strong mass transfer happening between the trapped oil and CW. The earlier BT 

of CO2 indicates good delivery of CO2 into the oil; however, it should be noted that this 

earlier CO2 BT might not necessarily be the case over longer porous mediums. As can be seen 

from Figure 16A, even after an extended period of CWI (4.5 PVI), the measured CO2 rate is 

75% of the initial CO2 content of the injected CW. This implies a steady transfer of CO2 to the 

residual hydrocarbon phase (oil + new gaseous phase) and hence, steady oil expansion and oil 

recovery. As can be seen from Figures 6 and 10, as injection of CW continued, oil production 

also continued and  oil production continued further still even after injection of several pore 

volumes of CW. This behaviour is mainly attributed to the formation and growth of the new 

phase. As was shown in pore scale observations (Figure 5), as time elapses and increased 
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volumes of CW comes in contact with ‘’live’’ oil, the saturation of the new phase inside the 

isolated oil ganglions increases, leading to much stronger overall oil swelling, which in turn 

leads to further oil reconnection and production. 

The total amount of trapped CO2 during CWI was measured and was around 42% of the total 

injected CO2 or in other word around 0.13 of the core PV. This shows strong potential for this 

method of CO2 storage in oil reservoirs. The trapped CO2 is under CO2 dissolution trapping 

mechanism which is one the safest method for underground CO2 storage. Since CO2 is not in 

the form of free-phase CO2, the risk of leakage is lower. This is of great importance for the 

final fate of a CO2 geological storage project. 

  

Figure 16: Gas rate and CO2 rate during secondary CWI in water-wet system 

 

5. Conclusion 

A series of high-pressure and high-temperature micromodel and coreflood experiments were 

performed to study (i) the complex fluid-fluid interactions which happen at pore scale during 

CWI in both ‘’live’’ and dead oil systems and (ii) the coupling impacts of new phase 

formation and wettability alteration on improved oil recovery by CWI under realistic reservoir 

conditions. Two separate systems were considered; mixed-wet system and water-wet system, 

using live crude oil. Based on this study the following conclusions can be made: 

1. Based on pore scale observations, CO2 partitioning between CW and live oil triggers 

the rapid formation and continued growth of a new gaseous phase inside the oil. The 

new phase always remained inside the oil surrounded by a thin oil layer. This 

phenomenon was not observed in the case of the dead oil system. 
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2. Results of the coreflood experiments in both water-wet and mixed-wet systems 

revealed strong potential of secondary CWI compared to that of waterflooding.   

3. The native wettability state of the rock affects the performance of CWI. Secondary 

CWI in the mixed-wet system led to higher and earlier incremental oil recovery than 

the water-wet system. 

4. The main recovery mechanism for the case of the water-wet system is the formation of 

new phase. However, in oil-wet systems, both wettability alteration and the formation 

of new phase contribute to improved oil recovery by CWI. Based on the results, the 

formation and growth of the new phase plays a more dominant role. 

5. For both water-wet and mixed-wet systems, the water cut during CWI was less than 

that shown during waterflood. This shows better water conformance control of CWI in 

comparison to conventional waterflood. 

6. Earlier BT of CO2 compared to brine during CWI indicates good delivery of CO2 from 

CW into the oil. However, over longer porous mediums this might not be the case. 

7. CWI shows good potential for CO2 storage in oil reservoirs. Around 42% of the total 

injected CO2 was stored by the end of CWI. 
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Highlights 

 CO2 partitioning between CW and ‘’live’’ oil triggers the rapid formation and 

continued growth of a new gaseous phase. 

 Formation of the new phase was not observed in the case of the dead oil system. 

 The formation and growth of the new phase plays a more dominant role on improved 

oil recovery by CWI compared to the wettability alteration 

 CWI shows good potential for CO2 storage in oil reservoirs 

 




